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Computational design of a pincer phosphinito vanadium ((OPO)V) 
propane monoxygenation homogeneous catalyst based on the re-
duction-coupled oxo activation (ROA) mechanism. 
Ross Fu, William A. Goddard III,* Mu-Jeng Cheng, and Robert J. Nielsen. 
Materials and Process Simulation Center (139-74) 
California Institute of Technology, Pasadena, CA 91125 USA. 
ABSTRACT: We propose the vanadium bis(2-phenoxyl)phosphinite pincer complex, denoted (OPO)V, as a low temperature wa-
ter-soluble catalyst for monoxygenation of propane to isopropanol with functionalization and catalyst regeneration using molecular 
oxygen. We use DFT study to predict that the barrier for (OPO)V to activate the secondary hydrogen of propane is ∆G‡ = 25.2 
kcal/mol at 298K, leading to isopropanol via the new reduction-coupled oxo activation (ROA) mechanism. We then show that reox-
idation by dioxygen to complete the cycle is also favorable with ∆G‡ = 6.2 kcal/mol at 298K.  We conclude that (OPO)V represents 
a promising homogeneous catalyst for the monoxygenation of propane and other alkanes (including ethane), warranting experi-
mental validation. 
KEYWORDS Homogeneous catalysis, pincer ligand, alkane C–H activation, density functional theory, vanadium, alkane 
oxidation 
INTRODUCTION 
Vanadium phosphorus oxide (VPO) is an inorganic compound 
that catalyzes the oxidation of n-butane to maleic anhydride 
with a surprisingly high selectivity of 60-70%.1 Although the 
overall yield is only about 50%, its ease of synthesis, use of 
common elements, and selectivity have led to commercial 
success for this catalyst, producing approximately 500 kilotons 
of maleic anhydride annually.2  
The reaction mechanism underlying this remarkable catalyst 
remained a mystery until our previous DFT computational 
studies on this system, in which we found that the initial C–H 
activation of the butane substrate occurred at the phosphorus 
oxo moiety, in contrast to conventional wisdom that assumed 
the activation to be at the V=O  center.3 We predicted that the 
activation energy for the initial activation of the C–H bond is 
13.6 kcal/mol, and our analysis of all 14 steps leading to the 
maleic anhydride product predicted barriers less than 23 
kcal/mol, all within the experimental range of 12.9-23.6 
kcal/mol.4 We used DFT to show that the remarkably low ac-
tivation barrier for attack by a P=O bond on the C–H bond of 
an alkane arises from the localization of the unpaired spin on 
the neighboring vanadium atom(s) (Figure 1), rather than on 
the phosphorus. 
 
Figure 1. C–H activation by a phosphorus oxo coupled to a 
VV, leads to a one electron reduction on the neighboring vana-
dium. Hence the oxidation state of the phosphorus atom does 
not change. This is the Reduction-Coupled Oxo Activation 
(ROA) mechanism. 
Our interpretation of this surprising discovery of C–H activa-
tion ability by PV=O moieties on the VVOPO4 surface
5 led to 
our formulating the Reduction-Coupled Oxo Activation (ROA) 
mechanism to describe this phenomenon.6 C–H activation 
ideally prefers maximizing both basicity and electron affinity, 
since H-atom transfer involves both proton and electron trans-
fer. This is not possible for a simple transition metal oxo bond, 
since increasing the basicity of the oxygen also increases the 
neighboring metal’s electron density, thereby decreasing its 
electron affinity. In the ROA mechanism, a transition metal 
oxo (with high electron affinity) is placed in communication 
with a group 15 or 16 metal oxo (with high basicity) such as P, 
As, Sb, Bi, Se, or Te. By keeping the sites of basicity and re-
duction on separate moieties, ROA is able to decouple the C–
H activation process into addition of the proton on the P=O 
along with addition of the electron to the VV, allowing the best 
of both worlds with high basicity and high electron affinity. 
More recently, we showed that this ROA mechanism is also 
responsible for the remarkable activation of propane during 
ammoxidation via the MoVNbTeOx catalysts. Here it is a 
Te=O bond that does the propane activation, but only when 
coupled to one or more reducible V=O centers.4,6 Indeed, a 
great many heterogeneous selective oxidation catalysts com-
bine a group 15 or 16 metalloid such as P, As, Sb, Bi, Se, or 
Te with reducible metals such as MoVI and VV, suggesting that 
ROA may be a general principle for heterogeneous selective 
oxidation of alkanes.6b 
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 However, we know of no cases of homogeneous catalysts that 
operate via ROA. It would be useful to find such homogene-
ous catalysts since they might provide new generations of 
catalysts for selective oxidation of alkanes, and since they 
might provide better systems for detailed experimental tests of 
the ROA mechanism. In our previous report, we sought to 
design a homogeneous oxidation catalyst that utilizes the ROA 
mechanism as shown in Figure 1.7 We examined various 
group 5 (V, Nb, Ta) and group 10 (Ni, Pd, Pt) complexes with 
XPX pincer ligands (where X = N, O, P, S). Since homogene-
ous complexes containing a P(O)–O–V(O) moiety (as shown 
in Figure 2a) are very rare in the literature, owing to their dif-
ficulty in synthesis,8 we explored complexes incorporating an 
alternative metal core featuring a direct V–P bond (as in Fig-
ure 2b).  
O
VV
O
PV
O
R H R
O
VIV
O
PV
OH
O
VV
P
O
R H R
O
VIV
P
OH
(a)
(b)
 
Figure 2. (a) Vanadium-phosphate archetype: conceptual arrow-
pushing scheme for P–V electron transfer with an intervening µ-
oxo. (b) Vanadium-κ-P-phosphinite archetype: conceptual arrow-
pushing scheme for P-V electron transfer in which they are direct-
ly bound to each other. 
Complexes featuring such κ-P phosphinite coordination to 
metals including Co9, Ni10, Pd11, and Pt12 have been described. 
In addition, many other complexes containing a phosphido 
ligand bonded to metals such as Co9, Rh13, Pd13, 14, Ir15, and 
Pt12, 13, 16 have also been described. These phosphido complex-
es are a single monoxygenation step away from the corre-
sponding phosphine oxide complexes, a transformation we 
expect to be facile due to the large formation energy of phos-
phine-oxo bonds. Indeed a few such complexes have been 
reported.9, 12  
Our prior investigation led to the proposal that the ligand 
bis(2-phenoxyl)phosphinite κ-P coordinated on vanadium, 
abbreviated (OPO)V, is a candidate catalyst for C–H activa-
tion (Scheme 1). We expect that this complex should be robust 
based on factors such as the chelation effect, the stability of 
O–V bonds, and the rigidity of the ligand, which guards 
against insertion of small activating molecules into the V–P 
bond. Scheme 1 shows our best candidate, (OPO)VVCl2, 
which has a DH value of 85.6 kcal/mol (where DH, a measure 
of H-atom affinity, is defined as the enthalpy change when the 
O–H bond in M–O–H is homolytically cleaved to form the 
M=O oxo), which compares favorably with the DH = 84.3 
kcal/mol for VPO.6a Since the bond enthalpy of secondary C–
H bonds in alkanes is ~ 98 kcal/mol, the activation enthalpies 
are expected to be ~20 kcal/mol,17 which is sufficiently low to 
be accessible at temperatures below 150°C. 
 
Scheme 1.  (OPO)VVCl2 (left) can add a hydrogen atom to 
form H(OPO)VIVCl2 (right). The enthalpy change is –85.6 
kcal/mol and the V–P bond lengthens from 2.52 Å to 2.64 
Å. Numbers taken from our prior study.7 
In this contribution, we examine our (OPO)V complexes in 
much more depth using density functional theory to flesh out a 
complete catalytic cycle. To simplify our calculations, we use 
propane as our alkane substrate since it forms the symmetrical 
isopropyl radical. We show that (OPO)V in aqueous solution 
forms a resting state with an oxo and hydroxo ligand 
((OPO)HV
VOs(OH)a in our nomenclature, which will be ex-
plained below), and that this complex utilizes the reduction-
coupled oxo activation (ROA) mechanism in the catalytic oxi-
dation of propane to isopropanol using dioxygen as the oxi-
dant. We describe the most plausible transition state barriers 
for this conversion. These theoretical findings suggest that this 
molecule will provide catalytic ability in heretofore unseen in 
homogeneous catalysis. 
MATERIALS AND METHODS 
General calculations 
All quantum mechanical calculations were carried out using 
the Jaguar software version 7.9 developed by Schrödinger 
Inc.18 Geometry optimizations were carried out on initial guess 
structures, and vibrational frequencies were calculated to con-
firm the optimized geometries as intermediates (no negative 
curvatures) or transition states (one negative curvature) and to 
calculate the zero-point energy, entropy, and temperature cor-
rections in order to obtain the free energy profile. Solvation 
energies were calculated using the PBF Poisson-Boltzmann 
implicit continuum solvation model19 in Jaguar, with a dielec-
tric constant of 80.37 and a probe radius of 1.40 Å, based on 
water. 
Calculations were performed using the B3LYP density func-
tional20 with the Grimme post-SCF D3 correction for van der 
Waals interactions.21 Geometry optimization and vibrational 
frequencies were calculated using the double-ζ basis set 6-
31G**22 for all elements except vanadium, and the double-ζ 
basis set and pseudopotential LACVP** for vanadium.23 Sin-
gle point gas-phase and solvated energies were calculated us-
ing the triple-ζ Los Alamos basis set and pseudopotential 
(LACV3P**++) modified to include f functions and diffuse 
functions for vanadium,24 and the 6-311G**++ basis set25 for 
the other atoms. For orbital analysis, we used the Pipek-Mezey 
localization procedure.26 All calculations were performed with 
a temperature of 298.15 K (25°C).  
Construction of the free energy 
The free energy for each vanadium species in solution was 
calculated using the formula G = Egas + ∆Esolv + ZPE + Hvib + 
6kT – T[Svib + 0.54(Strans + Srot – 14.3 e.u.) + 7.98 e.u.],where 
the last term is an empirical approximation of the change in 
the translational and rotational entropy of the molecule be-
tween the gas phase and the solution phase (due to the finite 
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 librational frequencies) derived from Wertz.27 For other spe-
cies, the free energy was calculated as G = Egas + ∆Esolv + ZPE 
+ Htot – TS + ∆Ggas→solv, where ∆Ggas→solv = kTln(24.5) repre-
sents the free energy change of compressing 1 mol of an ideal 
gas (volume 24.5 L at 25°C) to 1 L (for 1 M standard concen-
tration). In the specific case of individual atoms or ions such 
as H or Cl–, ZPE = 0 and Htot = 5/2kT, and S is taken from 
Chase.28 
Some of the transition states calculated represent transitions 
between singlet and diradical states. For these complexes, we 
used the Yamaguchi broken symmetry method.29 First, the 
geometry and frequencies for the transition state were calcu-
lated using the same procedure as above with the overall sys-
tem set as a triplet (i.e. the high spin case). Then, both the 
triplet and singlet single-point energies were calculated at this 
geometry, yielding electronic energies denoted EHS and ELS, 
respectively. The actual electronic energy of the transition 
state was calculated using the formula E = ELS – β(EHS – ELS) 
where β = [〈S2〉LS – SLS(SLS + 1)]/[〈S2〉HS – 〈S2〉LS]. Finally, the 
free energy was calculated from the electronic energy using 
the above equations. 
Treatment of acidity 
The hydration enthalpy and free energy of the proton have 
been determined to be ∆Haq° = –274.9 kcal/mol and ∆Gaq° = –
264.0 kcal/mol from cluster-ion solvation data.30 This repre-
sents the energy change of a proton going from 1 atm gas to 1 
M aqueous solution at 298.15 K. We know that a gas-phase 
proton has zero electronic energy and so its enthalpy consists 
solely of the translational component: Hgas[H
+] = 5/2kT = 1.5 
kcal/mol. We also know that the proton’s entropy is purely 
translational, which we calculate to be S[H+] = 26.00 e.u. us-
ing the formula S = kln[(2πmp/h
2)3/2(kTe)5/2].31 This leads to 
Ggas[H
+] = –6.3 kcal/mol. The end results are Haq[H
+] = –273.4 
kcal/mol and Gaq[H
+] = –270.3 kcal/mol. We use these num-
bers in our treatment of acidity. 
RESULTS 
We explored potential catalysts incorporating the κ-P phos-
phinite coordination to metal, i.e. with the (OPO)VV moiety. 
Although the inspiration for our proposed catalyst structure 
was heuristic in nature, our confidence in its predicted activity 
is bolstered by our comprehensive theoretical investigations of 
the system using density functional theory. In this section we 
discuss our results on various potential reactivity pathways.  
One potential pitfall in the installation of the bis(2-
phenoxyl)phosphinite (OPO) ligand onto V would be the pos-
sibility that the P=O moiety on the ligand might coordinate to 
the vanadium via the oxygen atom. However, at no time in our 
DFT geometry optimizations, aside from some high energy 
dianionic five-coordinate cases, did we observe this sort of 
isomerization, nor did we find negative curvatures in our cal-
culated Hessian matrices. This implies that the homogeneous 
vanadium complex with a V–P=O unit is a stable coordination 
isomer that may be realistic to synthesis. 
Nomenclature 
Due to the number of complexes investigated, we propose a 
systematic shorthand naming convention. Since all of our 
complexes share the common motif of a vanadium atom 
bound κ-P to the O–P(=O)–O pincer ligand bis(2-
phenoxyl)phosphinite (OPO), we denote this commonality as 
(OPO)V. If there is an additional R group (such as a hydrogen 
atom) on the PO moiety of the (OPO), we label it as a sub-
script: (OPO)RV. If the V atom is five-coordinate, then it 
adopts a trigonal bipyramidal geometry with the tridentate 
(OPO) occupying one axial and two equatorial coordination 
sites. This leaves two remaining coordination sites: the re-
maining equatorial site is labelled as s since it is synperiplanar 
(syn) to the PO moiety of the bis(2-phenoxyl)phosphinite, and 
the remaining axial site is labelled as a since it is axial and 
antiperiplanar (anti) to the same PO (Figure 3, left).  
If the V atom is six-coordinate, then it adopts an octahedral 
geometry, and the (OPO) ligand may be in either a facial (fac) 
or meridional (mer) configuration, denoted (OPO)f and 
(OPO)m, respectively (Figure 3, center and right); leaving three 
remaining coordination sites. In the fac case, the three sites are 
labelled with the c, s, and t superscripts, depending on whether 
they are clinal or syn to the PO moiety of the (OPO)f, or trans 
to the P, respectively. In the mer case, the three coordination 
sites are labelled with the s, t, or a superscripts, depending on 
whether they are syn to the PO, trans to the P, or anti to the 
PO, respectively.  Under this system, the three conformational 
species shown in Figure 3 can be unambiguously expressed as  
• (OPO)RV(L1)
s(L2)
a: V is 5-coordinate, R attached to PO, 
L1 syn to PO, L2 anti to PO;  
• (OPO)fRV(L1)
c(L2)
s(L3)
t: V is 6-coordinate, (OPO) is faci-
al with R attached to PO, L1 clinal to PO, L2 syn to PO, 
and L3 trans to P; and  
• (OPO)mRV(L1)
s(L2)
t(L3)
a: V is 6-coordinate, (OPO) is 
meridional with R attached to PO, L1 syn to PO, L2 trans 
to P, and L3 anti to PO.  
Note that in some fac cases, the PO moiety is twisted enough 
such that the clinal and syn positions on the V both become 
gauche. Since this phenomenon was not universal, no relabel-
ing of clinal and syn markers was done. 
 
Figure 3. Template for the nomenclature of investigated complex-
es. For the (OPO) ligand, an f superscript denotes that the chela-
tion is facial whereas an m superscript denotes that it is meridio-
nal. For the V atom, n is the oxidation state. For the ligands Ln, 
the superscript a denotes that the ligand is anti to the PO moiety; s 
denotes that it is syn to the PO moiety; c denotes that it is clinal to 
the PO moiety; and t denotes that it is trans to the P atom. 
The resting VV state 
The first consideration to be investigated is the precise nature 
of the resting VV state: whether it is five or six coordinate, 
charged or uncharged, with the (OPO) ligand in a fac or mer 
conformation, and with what optimal combination of oxo, 
hydroxo, and aqua ligands. The pH of the environments inves-
tigated was set to 0 in order to simplify the calculation of 
Page 3 of 10
ACS Paragon Plus Environment
ACS Catalysis
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 standard free energies (all species 1 M). Changing the ambient 
pH does not affect the relative energetics of isomeric species 
with the same charge, but does change which charge cohort of 
species will be most stable.  
Our prior communication focused on the complex 
(OPO)VVCl2 (1); however, in aqueous solution we expect the 
chlorides to be hydrolyzed and replaced with hydroxo/aqua 
ligands and at least one strong vanadium oxo bond.8b Table S1 
provides a comprehensive compilation of all (OPO)VV=O 
species studied.  
The most stable species are the neutral five-coordinate 
(OPO)VVOs(H2O)
a (4) and (OPO)HV
VOs(OH)a (6), which exist 
in fast equilibrium. Indeed, hydrolysis of the chlorides in 
(OPO)VVCl2 to form (OPO)V
V(OH)2 (2) is only slightly 
downhill, but conversion of 2 to 4 is much more favorable 
(Scheme 2).  
• The lowest energy 6-coordinate fac isomer is 
(OPO)fHV
VOc(OH)s(H2O)
t
 (16), which is 14.0 kcal/mol 
higher in energy;  
• the lowest energy 6-coordinate mer isomer is 
(OPO)mVVOs(H2O)2
ta (40), which is 18.0 kcal/mol higher 
in energy. 
V
P
O
O O
Cl Cl
V
P
O
O O
HO OH
2H2O
-2H+ -2Cl-
(1) (OPO)VCl2
∆Grel = 11.4
(2) (OPO)V(OH)2
∆Grel = 9.4
V
P
O
O O
-H2O
(3) (OPO)V=O
∆Grel = 2.4
O
H2O
(4) (OPO)VOs(H2O)
a
∆Grel = 0.6
V
P
O
O O
O OH2
(6) (OPO)HVO
s(OH)a
∆Grel = 0.0
V
P
OH
O O
O OH
Scheme 2. Our original complex (OPO)VVCl2 (1) is hydrolyzed in water to (OPO)HV
VOs(OH)a (6). This 5-coordinate species 
is the lowest energy isomer in aqueous solution. All ∆Grel values are relative to 6 and in kcal/mol. 
Activation of propane substrate 
Propane has both primary and secondary C–H bonds, with the 
secondary C–H bond in the middle carbon more easily activat-
ed due to the increased stability of the resulting secondary 
radical. Those (OPO)VV species that contain unadorned intact 
P=O moieties are listed in Table S1. These were further inves-
tigated for their ability to activate the secondary C–H bond of 
propane. The transition states were located and their free ener-
gies were calculated relative to the resting state 
(OPO)HV
VOs(OH)a (6). The results are shown in Table S2. 
According to Table S2, the lowest-energy transition state is the 
five-coordinate neutral species [(OPO)HiPrVO
s(H2O)
a]‡ (67), 
which is 24.6 kcal/mol higher in free energy than the precursor 
(OPO)VVOs(H2O)
a (4) + HiPr. Its structure is shown in 
Scheme 3. We consider this to be accessible for C–H activa-
tion, with an overall barrier of ∆G‡ = 25.2 kcal/mol. Analysis 
of the Mulliken spin density supports our assignment of radi-
cal character: Although the overall spin is 0, we find spin den-
sities of  
• 1.06 on the vanadium,  
• –0.47 on the propane secondary carbon,  
• –0.25 on the attacking PO oxygen,  
• –0.11 on the vanadium oxo, but only  
• –0.04 on the P,  
supporting our assertion of attack via the ROA mechanism. 
The C–H activation transition state has an isopropyl radical 
and a monohydrogenated (OPO)HV
IV complex, which may 
then isomerize into other (OPO)VIV species. The various 
(OPO)VIV complexes are listed in Table S3. Only five-
coordinate and six-coordinate fac-(OPO) complexes were ex-
haustively investigated, since our results show consistently 
that they are lower in energy than their six-coordinate mer 
counterparts. The lowest energy species is 
(OPO)HV
IVOs(H2O)
a (102). All (OPO)VIV species are doublets, 
and Mulliken spin density analysis reveals that the spins are 
localized on the vanadium atoms, supporting the assignment 
of vanadium in the +IV oxidation state. The initial propane 
activation step from 4 to 102 is shown in Scheme 3 along with 
their structures. 
V
P
O
O O
O OH2
V
P
O
O O
O OH2
HiPr
(4) (OPO)VOs(H2O)
a
∆Grel = 0.6
(67) [(OPO)HiPrVO
s(H2O)
a]
∆Grel = 25.2
(102) (OPO)HVO
s(H2O)
a
∆Grel = 13.4
V
P
OH
O O
O OH2
H
-
 
 
Scheme 3. One of the lowest energy VV species, 
(OPO)VVOs(H2O)
a (4), is able to activate the isopropyl hy-
drogen with ∆G‡ = 24.6 kcal/mol via 
[(OPO)HiPrVO
s(H2O)
a]‡ (67). The result is the lowest energy 
VIV species, (OPO)HV
IVOs(H2O)
a (102). The geometry op-
timized structures of each species is shown beneath the 
corresponding drawing. All ∆Grel values are relative to 6 
and in kcal/mol.  
Since reactive isopropyl radicals are generated upon H-atom 
abstraction, it is most likely that they are immediately trapped 
by the (OPO)VIV intermediate. Taking inspiration from Cheng 
and Goddard,4 who found that the produced isopropyl radical 
is adsorbed onto a V=O moiety, we considered the possibility 
that the isopropyl radical rebounds onto the monohydrogenat-
ed species (OPO)HV
IVOs(H2O)
a (102) to form an 
(OPO)VIII(OiPr) species. The isopropoxy ligand may then be 
protonated and exchanged with an aqua ligand, producing 
isopropanol. 
Table S4 is a comprehensive list of (OPO)VIII(OiPr) species 
with neutral or –1 charge. Unlike the case of the VV and VIV 
species, the most stable (OPO)VIII(OiPr) species is a six-
coordinate complex with the (OPO) ligand in the fac configu-
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 ration, 3[(OPO)fVIII(HOiPr)s(H2O)2
ct] (168). Furthermore, the 
triplet states are universally more stable than their singlet 
counterparts, supporting the +III assignment for the oxidation 
state of the vanadium atom. As a result, only five-coordinate 
and triplet six-coordinate fac-(OPO) complexes were investi-
gated exhaustively. 
From the energies in Table S4, we see that it is energetically 
exergonic by 30.9 kcal/mol for the isopropyl radical to re-
bound onto the monohydrogenated species 
(OPO)HV
IVOs(H2O)
a (102) to form the five-coordinate species 
3[(OPO)HV
III(OiPr)s(H2O)
a] (148). It is slightly uphill by 1.4 
kcal/mol for 148 to add on an additional aqua ligand to form 
3[(OPO)fHV
III(OiPr)s(H2O)2
ct] (177). Finally, it is favorable by 
2.7 kcal/mol for 177 to isomerize to the lowest energy 6-
coordinate isomer, 3[(OPO)fVIII(HOiPr)s(H2O)2
ct] (168). The 
isopropyl rebound step from 102 to 168 is shown in Scheme 4 
along with their structures. Transition state energies were as-
sumed to be small and not calculated. 
V
P
OH
O O
O OH2
iPr
(102) (OPO)HVO
s(H2O)
a
∆Grel = 13.4
(148) (OPO)HV(OiPr)
s(H2O)
a
∆Grel = -17.5
H2O
(177) (OPO)fHV(OiPr)
s(H2O)2
ct
∆Grel = -16.1
(168) (OPO)fV(HOiPr)s(H2O)2
ct
∆Grel = -18.8
V
P
OH
O O
O OH2 iPr
P
VH2O O
OiPr
O
H2O
OH
P
VH2O O
OiPr
O
H2O
O
H
 
 
Scheme 4. The lowest energy VIV species, 
(OPO)HV
IVOs(H2O)
a (102), rebounds with isopropyl radical 
to form 3[(OPO)HV
III(OiPr)s(H2O)
a] (148). This five-
coordinate species adds an aqua ligand and isomerizes to 
3[(OPO)fVIII(HOiPr)s(H2O)2
ct] (168), the lowest energy 
(OPO)VIII(OiPr) species. The geometry optimized struc-
tures of 148, 177, and 168 are shown below the scheme. All 
VIII species shown are triplets and all ∆Grel values are rela-
tive to 6 and in kcal/mol.  
Release of isopropanol product and reaction with dioxygen 
In order to complete the catalytic cycle, the (OPO)VIII(OiPr) 
species such as 3[(OPO)fVIII(HOiPr)s(H2O)2
ct] (168) must both 
release the isopropanol product and undergo reoxidation back 
to VV. Naturally, we are most interested in the possibility of 
O2 being the oxidant. We expect dioxygen to bind to the V
III 
species to form VV-peroxides. Hence, we explored two possi-
bilities:  
• in the first, 168 first loses iPrOH to form a (OPO)VIII 
species with only aqua/hydroxo/oxo ligands, which then 
adds O2 to form a (OPO)V
V(O2) peroxide; and  
• in the second, 168 first adds O2 to form a 
(OPO)VV(OiPr)(O2) peroxide, and then loses iPrOH.  
Either way, the result is the formation of a (OPO)VV(O2) per-
oxide. 
Table S5 shows the (OPO)VIII species investigated. Loss of 
isopropanol from 168 results in the formation of 
3[(OPO)VIII(H2O)2
sa] (198); however, the lowest five-
coordinate species 3[(OPO)HV
III(OH)s(H2O)
a] (200) is 5.4 
kcal/mol lower in energy, and the lowest six-coordinate spe-
cies 3[(OPO)fVIII(H2O)3
cst] (210) is 1.0 kcal/mol higher in en-
ergy. As with the (OPO)VIII(OiPr) case, the triplet is universal-
ly lower in energy than the singlet, as expected.  
Table S6 shows the (OPO)VV(OiPr)(O2) peroxide species in-
vestigated. As with the (OPO)VIII(OiPr) case, the 6-coordinate 
species is preferred with (OPO)fVV(HOiPr)t(η2-O2)
s(H2O)
c 
(278) as the lowest energy species.  
Table S7 shows the (OPO)VV(O2) peroxide species investigat-
ed. The lowest five-coordinate species, (OPO)VV(η2-
O2)
s(H2O)
a (381), is 4.9 kcal/mol lower in energy than the 
lowest six-coordinate species, (OPO)fVV(η2-O2)
c(H2O)2
st (409). 
Scheme 5 shows the two pathways studied from 
3[(OPO)fVIII(HOiPr)s(H2O)2
ct] (168) to (OPO)VV(O2) peroxide 
species, the top being oxidation to (OPO)fVV(HOiPr)t(η2-
O2)
s(H2O)
c (278) followed by iPrOH loss to 381, and the bot-
tom being iPrOH loss to 3[(OPO)VIII(H2O)2
sa] (198) followed 
by oxidation to 409. We see from Scheme 5 that the oxidation-
first pathway through 140 and 278 (top) goes through lower 
energy intermediates than the bottom pathway through 198 
and 409 (Compare ∆Grel = –12.9 for 140 versus –10.9 for 
198).  
Hence, we conclude that the top pathway is more likely, i.e. 
the (OPO)VIII(OiPr) species 168 must be first oxidized to VV 
before HOiPr may be released. Compared to our prior results 
with vanadium oxide clusters, we see in this case that aqua and 
alcohol ligands can be labilized before oxidation from +III to 
+V due to the higher coordination of the vanadium centre.32 
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Scheme 5. The lowest energy (OPO)VIII(OiPr) species, (OPO)fVIII(HOiPr)s(H2O)2
ct (168), releases isopropanol and adds an 
oxygen molecule to form a (OPO)VV(O2) peroxide species (381 or 409). It can either add oxygen first (top pathway, through 
278), or lose the isopropanol first (bottom pathway, through 198). The geometry optimized structure of 409 is shown in the 
top right corner of the scheme. All VIII species shown are triplets and all ∆Grel values are relative to 6 and in kcal/mol.
Transformation back to the resting state species 
The final step is the transformation of the peroxide 
(OPO)fVV(η2-O2)
c(H2O)2
st (409) back to the resting state spe-
cies, (OPO)HV
VOs(H2O)
a (6). We considered two possibilities 
as to how this may occur: through the formation of a dimeric 
V2O2 species, and through the protonation of the peroxide to 
form H2O2. We believe the latter route is more likely under 
catalytic concentrations (see Discussion).  
The first potential mechanism is that 409 reacts with another 
equivalent of (OPO)VIII, for instance 3[(OPO)VIII(H2O)2
sa] 
(198), forming a dimeric species with a VIV–O–O–VIV perox-
ide bridge than can quickly homolyze to two (OPO)VV spe-
cies. 
The dimeric transition state we found is 1{[(OPO)fV(H2O)2
st–
Oc]–[Os–(H2O)2
ctV(OPO)f]}‡ (457), with a large negative fre-
quency corresponding to vibration along the V–O–O–V perox-
ide bridge. Minimizing the geometry of this species as a triplet 
leads to the dimeric intermediate 3{[(OPO)fVIV(H2O)2
st–Oc]–
[Os–(H2O)2
ctVIV(OPO)f]} (458), while minimizing as a singlet 
leads to a hydrogen-bonded complex of (OPO)fVVOc(H2O)2
st 
(13) and (OPO)fVVOc(H2O)2
st (14). Both 13 and 14 may then 
lose aqua ligands to reform the starting 5-coordinate species 6. 
The process is shown in Scheme 6, leading to an overall barri-
er of 12.4 kcal/mol. Details on the energetics of 457-458 are 
listed in Table S8. Although there may be other dimeric transi-
tion state species with lower energies, we can see that the pro-
cess is facile and 12.4 kcal/mol is at the very least an upper 
bound on the barrier.
(409) (OPO)fV(O2)
c(H2O)2
st
∆Grel = -21.1
V
P
O
O O
H2O OH2
(200) (OPO)HV(OH)
s(H2O)
a
∆Grel = -16.3
(198) (OPO)V(H2O)2
sa
∆Grel = -10.9
V
P
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O O
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V
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O
OH2
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O
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VIV OO
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O
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O
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OH2
O
OH2
O
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V OO
H2O
O
OH2
O
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VO O
OH2
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(457) [(OPO)fV(H2O)2
ct-Os-Oc-(H2O)2
stV(OPO)f]
∆Grel = -24.8
P
VV OO
H2O
O
OH2
O
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VVO O
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O
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∆Grel = -48.3 (-22.6-25.7)
V
P
OH
O O
O OH
2x (6) (OPO)HVO
s(OH)a
∆Grel = -82.9 (2x -41.4)
2-2H2O
 
Scheme 6. Reforming the starting species 6 from the (OPO)fVV peroxide 409 and the (OPO)VIII 198. Note that ∆Grel for 458 
is calculated from the sum of ∆Grel’s for 409 and 198 plus the –5.2 kcal/mol free energy change of the reaction 409 + 198 → 
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 458. Also note that 6 in this scheme is at –82.9 because ∆G = –82.9 kcal/mol for the reaction 2iPrH + O2 → 2iPrOH. The 
geometry optimized structure of 457 is shown in the bottom right corner of the scheme. All ∆Grel values are in kcal/mol and 
relative to 6 at the beginning of the reaction. 
The second possibility is that a (OPO)VV(O2) peroxide spe-
cies, such as (OPO)fVV(HOiPr)t(O2)
s(H2O)
c (278) or 
(OPO)fVV(η2-O2)
c(H2O)2
st (409), is directly converted into a 
(OPO)VV species by protonating the peroxide ligand off, re-
leasing H2O2. The released H2O2 can then coordinate with 
another equivalent of (OPO)VIII to form a (OPO)VIII(HOOH) 
species, which can be intramolecularly converted a second 
(OPO)VV species. Thus, one equivalent of peroxide results in 
two equivalents of starting species 6 being regenerated. The 
lowest energy pathway we found for this protona-
tion/reoxidation is shown in Scheme 7. A more detailed treat-
ment is given in the supporting information, section A.
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Scheme 7. Reforming the starting species 6 from the (OPO)fVV peroxides 278 and/or 409. In the top row, the peroxide is 
protonated off, forming one equivalent each of 6 and H2O2. In the second and third rows, H2O2 oxidizes a V
III species to 
form a second equivalent of 6. The geometry optimized structure of 516 is shown in the bottom right corner of the scheme. 
All VIII species shown are triplets, and all ∆Grel values are in kcal/mol and relative to 6 at the beginning of the reaction. Note 
that ∆Grel for 6 is calculated from the sum of ∆Grel’s for 4 and 441 plus the –3.1 kcal/mol free energy change of the reaction 
441 → 6 + H2O2 and the –0.6 kcal/mol free energy change of the reaction 4 → 6. In addition, ∆G = –82.9 kcal/mol for the 
overall reaction 2iPrH + O2 → 2iPrOH.
We see from Scheme 7 that it is easier to protonate the perox-
ide off 409 than 278; consequently, 278 is first converted to 
409 by releasing HOiPr in exchange for an aqua ligand. The 
highest point along the reaction is the protonation step that 
forms the HOOH complex (OPO)fHV
VOs(HOOH)c(OH)t (441), 
which then releases hydrogen peroxide to form the first equiv-
alent of starting complex 6. In the second half of Scheme 7, 
the released H2O2 reacts with V
III species 140, ultimately 
forming a second equivalent of 6. 
DISCUSSION 
In our previous report,7 we showed that the (OPO)V system is 
able to activate alkanes. We confirm this in our current report, 
showing that (OPO)HV
VOs(OH)a (6) is able to activate propane 
with a facile barrier of 25.2 kcal/mol (Scheme 3), and the iso-
propyl radical is expected to rebound to form a triplet 
(OPO)VIII(OiPr) species (Scheme 4).  
In considering how the triplet (OPO)VIII(OiPr) species 168 
may release the HOiPr product and reform the starting species 
6, we considered two possible reoxidation routes: 
• through a temporary dimer with a bridging peroxide moi-
ety (457, Scheme 6), or  
• through a two-step process consisting of peroxide proto-
nation followed by a second oxidation (516, Scheme 7).  
These two possibilities are compared in Figure 4, with dimeri-
zation pathway shown in red and protonation/oxidation in 
blue.  
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Figure 4. The energy landscape for the reoxidation of the (OPO)VIII(OiPr) species 148 to form the HOiPr product and reform the starting 
complex 6. Two possible pathways are shown: dimerization in red, and protonation/oxidation in blue. All numbers in kcal/mol and at 1 M. 
Only the energetics for species 458 and 457 in the red pathway are expected to be affected by concentration. At concentrations below 0.16 
M, the blue pathway (two-step protonation followed by a second oxidation) is expected to be more favorable.
The first thing to note from Figure 4 is that neither possibility 
is rate-determining; the barriers in each case are still smaller 
than the barriers for initial propane C–H activation as in 
Scheme 3. The second thing to note is that the dimerization 
pathway has its highest energy in the O–O bond-breaking 
transition state (457), whereas the protonation/oxidation path-
way has its highest energy in the initial protonation step (441). 
However, the most important aspect of Figure 4 is which 
pathway is more likely. Looking only at the numbers, it ap-
pears that the dimerization pathway in red is slightly more 
favorable (–12.4 kcal/mol for 457 versus –11.3 kcal/mol for 
441). However, we caution that these numbers have not been 
adjusted for concentration. If the concentration of V is at cata-
lytic amounts rather than 1 molar, we expect the dimerization 
pathway to increase in energy relative to the protona-
tion/oxidation pathway since it involves a bimolecular mecha-
nism. Indeed, for every 10-fold reduction in V concentration 
we expect the energy of the dimerization pathway to increase 
by 1.36 kcal/mol at room temperature.33 Hence, we consider 
the protonation/oxidation pathway to be more likely in real 
conditions, with vanadium concentrations below 0.16 mo-
lar.  
One final point we wish to address is the synthetic feasibility 
of our complex. Towards this end we have proposed several 
synthetic strategies to our resting state 6, using common syn-
thetic techniques with literature precedent. Our synthetic pro-
posals may be found in Section C of the supporting infor-
mation. 
CONCLUSIONS 
In this report, we show that the bis(2-phenoxyl)phosphinite 
tridentate pincer ligand (OPO) κ-P coordinated onto vanadium 
is quite facile for activating propane, to catalyze its monoxy-
genation with dioxygen to isopropanol. We show that C–H 
activation occurs via the reduction-coupled oxo activation 
(ROA) mechanism, which is the rate-determining step with 
∆G‡ = 25.2 kcal/mol. We also show that the catalytic cycle is 
completed by dioxygen reoxidation of the resulting VIII spe-
cies, via the formation of a vanadium peroxide species fol-
lowed by protonation and a second oxidation (or dimerization 
for high concentrations). Although we focus here on propane 
activation and oxidation, we expect very similar cycles to ap-
ply for other alkanes as well, including ethane and butane.  We 
consider this catalytic system to be very promising for low 
temperature selective oxidations of alkanes with functionaliza-
tion and catalyst regeneration using molecular O2. This is a 
promising system for synthesis and characterization. 
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